The success of Mycobacterium tuberculosis (Mtb) as a human pathogen is due in part to its 18 ability to survive stress conditions, such as hypoxia or nutrient deprivation, by entering non-19 growing states. In these low-metabolic states, Mtb can tolerate antibiotics and develop 20 genetically encoded antibiotic resistance, making its metabolic adaptation to stress crucial for 21 survival. Numerous bacteria, including Mtb, have been shown to reduce their rates of mRNA 22 degradation under growth limitation and stress. While the existence of this response appears to 23 be conserved across species, the underlying bacterial mRNA stabilization mechanisms remains 24 65 for other bacteria under stress conditions that slow or halt growth, including carbon deprivation, 66 stationary phase, and temperature shock (4-13). However, the mechanisms responsible for global 67 regulation of mRNA stability in prokaryotes have yet to be elucidated. 68 In better studied bacteria such as E. coli and B. subtilis, the major ribonucleases (RNases) 69 involved in mRNA processing and decay are RNase E and RNase Y, respectively. A 70 conventional model for RNA decay in E. coli start with an endonucleolytic cleavage event 71 usually carried by RNase E in AU-rich regions, particularly in mRNA substrates that possess a 5' 72 monophosphate (14-16). The resulting 5' monophosphorylated fragments are rapidly cleaved by 73 RNase E, resulting in shorter fragments that can be fully degraded by exonucleases such as 74 PNPase, RNase II, and RNase R (17, 18). mRNA degradation seems to be coordinated by 75 formation of a complex known as the degradosome. In E. coli, RNase E serves as the scaffold for 76 this multiprotein complex that comprises RNA helicases, the glycolytic enzyme enolase, and 77 PNPase (19-23). Other organisms that encode RNase E form similar degradosomes (24, 25). In 78 organisms where RNase E is not present, RNase Y and/or RNase J seem to assume the scaffold 79 function (26-28). Mycobacteria encode RNase E, but efforts to define the mycobacterial 80 degradosome have produced inconsistent results (29, 30). It is unclear if degradosome 81 reorganization or dissolution contribute to the global regulation of mRNA degradation under 82 stress conditions in any bacteria. Interestingly, the importance of degradosome formation in E. 83 coli varies depending on the carbon sources provided, suggesting specific links between RNase E 84 degradosomes and metabolic capabilities (31). Furthermore, the chaperones DnaK and CsdA can 85 become degradosome components in E. coli under certain stresses (20, 32, 33).
hypoxic and carbon starvation stresses, and measured mRNA half-lives for a subset of genes by 140 blocking transcription with rifampicin (RIF) and measuring mRNA abundance at multiple time 141 points using quantitative PCR (qPCR). Indeed, we observed that all of the analyzed transcripts 142 had increased half-lives under hypoxia when compared to log phase normoxic cultures and, 143 similarly, transcripts were more stable in carbon starvation than in rich media ( Fig. 1A and 1B) . 144 Thus, M. smegmatis appears to be a suitable model organism for investigating the mechanisms of 145 stress-induced mRNA stabilization in mycobacteria. We used a variation of the Wayne model 146 (55) to produce a gradual transition from aerated growth to hypoxia-induced growth arrest by 147 sealing cultures in vials with defined headspace ratios and allowing them to slowly deplete the 148 available oxygen (Fig. 1C ). We noted that transcripts became progressively more stable as 149 oxygen levels dropped and growth ceased; 40 hours after sealing the vials, mRNA half-lives 150 were too long to reliably measure by our methodology. We sought to focus our studies on the 151 mechanisms that underlie the initial mRNA stabilization process during the transition into 152 hypoxia-induced growth arrest. We therefore conducted subsequent experiments 18 hours after sealing the vials, when growth had nearly ceased and transcripts were 9-fold to 25-fold more 154 stable than during log phase growth. We hereafter refer to this condition as 18 h hypoxia. 155 ppGpp does not contribute to mRNA stabilization in hypoxia or carbon starvation 156 Given recent reports that ppGpp could directly inhibit the enzymatic activity of PNPase (40, 41) , 157 we wondered whether mRNA stabilization as observed in carbon starvation and hypoxia is 158 regulated by ppGpp in mycobacteria. We obtained a double mutant strain of M. smegmatis (56) 159 that lacks both genes implicated in the production of ppGpp (∆rel ∆sas2), and compared the 160 mRNA half-lives of a subset of genes to those of wild type mc 2 155 under hypoxia, log phase 161 normoxia, and carbon starvation conditions. The ∆rel ∆sas2 strain had a modest growth defect 162 during adaptation to hypoxia and carbon starvation ( Fig. 2A and 2C ), as predicted (57). 163 However, we found no significant decrease in mRNA stabilization in the mutant strain ( Fig. 2B 164 and 2D), indicating that the mRNA stabilization we observed under hypoxia and carbon 165 starvation is independent from the stringent response. Interestingly, the mutant strain displayed 166 increased mRNA stabilization for a few transcripts under carbon starvation conditions, which 167 could be an indirect consequence of altered transcription rates (see discussion).
168
Hypoxia-induced mRNA stability is reversible and independent of mRNA abundance 169 We wondered if the observed stress-induced transcript stabilization could be easily reversed by 170 restoration of a favorable growth environment. To test this, we prepared 18 h hypoxia cultures, 171 then opened the vials and agitated them for 2 min to re-expose the bacteria to oxygen before 172 blocking transcription with RIF and sampling thereafter (Fig. 3A, top panel) . We found that, for 173 all transcripts tested, half-lives were significantly decreased compared to those observed under 174 hypoxia and similar to those observed in log phase normoxia ( Fig. 3B ). While the mechanisms of stress-induced mRNA stabilization are largely unknown, multiple studies have reported inverse 176 correlations between mRNA abundance and half-life in bacteria (3, 8, 51, 52) . mRNA abundance 177 is decreased for most transcripts tested in hypoxia-adapted M. smegmatis. We therefore 178 considered the possibility that the dramatic increase in mRNA degradation upon re-exposure to 179 oxygen was triggered by a rapid burst of transcription. Indeed, we found increased expression 180 levels for three of five genes tested after two minutes of re-aeration, showing that transcription is 181 rapidly induced upon return to a favorable environment ( Fig. 3C) . To test the idea that mRNA is 182 destabilized by re-aeration as a consequence of a transcriptional burst and/or increased mRNA 183 abundance, we modified our re-aeration experiment by blocking transcription with RIF one 184 minute prior to re-exposure to oxygen (Fig. 3A, bottom panel) . Surprisingly, every transcript 185 tested was destabilized by the presence of oxygen despite the absence of new transcription. For 186 most transcripts, the re-aeration half-lives were indistinguishable regardless of whether RIF was 187 added prior to opening the vials or two minutes after ( Fig. 3B ). Our results therefore do not 188 support the idea that changes in mRNA abundance alone can explain the mRNA stabilization and 189 destabilization observed in response to changes in energy status. 190 We wanted to further explore if mRNA abundance alone could influence transcript degradation. 194 Our results showed that despite a 34-fold transcript upregulation following ATc induction, the in protein levels we used two approaches. First, we constructed M. smegmatis strains encoding 204 FLAG-tagged RNase E, cMyc-tagged PNPase, or cMyc-tagged predicted RNA helicase 205 msmeg_1930. PNPase is an essential exoribonuclease. We determined protein levels by western 206 blotting during log phase, in 18 h hypoxia, and after 18 h hypoxia followed by 2 min re-aeration.
207
As shown in Fig. 4A , levels of all three of these predicted RNA degradation proteins remained 208 unchanged in the three conditions.
209
Because we do not know all of the proteins that contribute to mRNA degradation in 210 mycobacteria, our second approach was to test the global importance of translation in re-211 aeration-induced mRNA destabilization. We blocked translation with chloramphenicol (CAM) in 212 18 h hypoxia cultures and then added RIF. Samples were collected for cultures that remained 213 under hypoxia as well as those that were re-exposed to oxygen for 2 min (Fig. 4B ). Our results 214 showed that there is destabilization of mRNA after re-aeration even in the absence of protein 215 synthesis ( Fig. 4C) , though not to the extent we observed in Fig. 3B . These results suggest that 216 re-aeration-induced destabilization does not require synthesis of new RNA degradation proteins.
217
The mRNA stabilization induced by CAM itself is likely related to its mechanism of action. (63). We hypothesize that stalled ribosomes may increase mRNA stability 223 by masking RNase cleavage sites. However, we observe mRNA destabilization in response to re-224 aeration despite this effect ( Fig. 4C ). Taken together, our data suggest that tuning of protein 225 levels is not the primary explanation for mRNA stabilization during early adaptation to hypoxia. 226 mRNA stability is modulated in response to changes in metabolic status 227 The rapidity of mRNA destabilization in response to re-aeration suggested that mRNA 228 degradation is tightly regulated in response to changes in energy metabolism. We tested this 229 hypothesis by treating log phase cultures of M. smegmatis with 5 µg•mL -1 bedaquiline (BDQ), a 230 potent inhibitor of the ATP synthase F0F1 (64). We used minimal media that contained acetate 231 as the only carbon source (MMA) in order to make the respiratory chain the sole source of ATP 232 synthesis. After 30 min exposure, intracellular ATP levels were reduced by more than 90% in 233 BDQ-treated cells, when compared to cells treated with the drug vehicle (DMSO), without 234 affecting cell viability ( Fig. 5A and 5B ). We then measured half-lives for a set of transcripts 235 under these conditions. mRNA half-lives were dramatically increased in BDQ-treated cells for 236 most of the genes we tested (Fig. 5C ), indicating that mRNA degradation rates are rapidly altered 237 in response to changes in energy metabolism status. 238 We then wondered if we could increase mRNA degradation rates by increasing intracellular ATP 239 levels. To test this, we treated M. smegmatis cultures with isoniazid (INH) a pro-drug that 240 interferes with the synthesis of mycolic acids, but that also leads to an accumulation of 241 intracellular ATP due to increased oxidative phosphorylation (65). We exposed M. smegmatis to 242 500 µg•mL -1 INH for 6.5 hours to confirm that we had achieved bacteriostasis (the M. smegmatis 243 doubling time in MMA media is approximately six hours). As shown in Fig. 5D , INH caused a 244 dramatic increase in intracellular ATP after 6.5 h without affecting cell viability ( Fig. 5E ).
245
Remarkably, mRNA half-lives were significantly decreased in response to INH (Fig. 5F ). To our 246 knowledge, this is the first report of bacterial mRNA being destabilized rather than stabilized in 247 response to a growth-impairing stressor. Our results indicate that mRNA stability is regulated not 248 in response to growth status per se, but rather to energy metabolism. Although we interpreted 249 ATP levels as a reflection of metabolic status in our INH and BDQ assays, the coupling between 250 mRNA degradation and metabolic status does not appear to be mediated by ATP directly. We 251 measured ATP levels in M. smegmatis cultures during the transition to hypoxia-induced growth 252 arrest, and found that although ATP levels ultimately decrease in hypoxia as has been reported 253 elsewhere (66, 67), mRNA stabilization precedes the drop in ATP levels (Fig. 5G ). Many stressors cause bacteria to slow or stop growth, and this is usually associated with 257 increased mRNA stability (3-9, 11-13). Many of these same stressors reduce energy availability 258 (66, 67), requiring reductions in energy consumption and optimization of resource allocation. We 259 speculate that the decreased mRNA turnover that accompanies such conditions may be an energy 260 conservation mechanism. For Mtb, hypoxia can lead to generation of bacterial subpopulations 261 with varying degrees of antibiotic tolerance (68-70), facilitating bacterial survival and the 262 acquisition of drug resistance-conferring mutations. Understanding the mechanisms that support 263 the transitions into non-growing states, and subsequent survival in these states, is therefore of 264 great importance.
265
The transcriptome of Mtb has been previously shown to be stabilized under cold shock and 266 hypoxia (3). Here, we found that M. smegmatis also dramatically stabilized its mRNA in 267 response to carbon starvation and oxygen depletion. For the first time, to our knowledge, we 268 tested the speed at which this stabilization is reversed in mycobacteria upon restoration of energy 269 availability. Remarkably, mRNAs are rapidly destabilized within minutes of re-aeration of 270 hypoxic cultures, suggesting that tuning of mRNA degradation rates is an early step in the 271 response to changing energy environments.
272
The most straightforward explanation for stress-induced mRNA stabilization would seem to be 273 downregulation of the mRNA degradation machinery. Indeed, under hypoxic conditions, RNase 274 E is downregulated at the transcript level, and abundance of cleaved RNAs is notably reduced 275 (71). However, we found that protein levels were unchanged for three proteins predicted to be 276 core components of the mRNA degradation machinery. This is largely consistent with what was 277 reported for Mtb in a quantitative proteomics study (37), although in that case there was an 278 apparent reduction in levels of a predicted RNA helicase. To address this question in a more 279 agnostic fashion, we tested the importance of translation for transcript destabilization upon re-280 exposure of hypoxic cultures to oxygen. However, re-aeration triggered increased transcript 281 degradation even in the absence of new protein synthesis. Regulation of degradation protein 282 levels therefore does not appear to contribute to mRNA stabilization during the initial response 283 to energy stress. However, we found that upon longer periods of hypoxia, transcripts were 284 stabilized to a greater extent than what we observed 18 hours after sealing the vials. This 285 suggests that mRNA stabilization progressively increases, and may be the product of multiple 286 mechanisms. As this work focused on the initial transition into hypoxia-induced growth arrest, 287 we cannot discount the possibility that downregulation of the RNA degradation machinery is 288 important for further mRNA stabilization in later hypoxia stages. 289 Interestingly, we found greater mRNA stabilization in hypoxic cultures treated with CAM. This 290 may result from stalled ribosomes (59, 61) masking RNase cleavage sites. Furthermore, the burst 291 of transcription upon re-aeration is blocked by the presence of CAM, causing up to a four-fold 292 decrease in transcript abundance in the CAM treated cultures when compared to the vehicle 293 treated cultures. This is consistent with the idea that transcription and translation are physically 294 coupled, and blocking translation therefore prevents RNA polymerase from efficiently carrying 295 out transcript elongation, as has been reported for E. coli (72-76). 296 Transcript abundance has been found to be inversely correlated with mRNA stability in 297 exponentially growing bacteria (3, 8, 51, 52, 77) , and experimental manipulation of transcription 298 rates of subsets of genes resulted in altered degradation rates (3, 52) . Together, these studies 299 suggest that high rates of transcription inherently increase degradation rates. We report here that 300 during oxygen depletion transcript levels are reduced in M. smegmatis, which led us to ask if 301 increased transcript half-lives under stress are a direct result of reduced mRNA levels. However, 302 our data are inconsistent with this idea; mRNA is rapidly destabilized upon re-aeration even in 303 the absence of new transcription. We note that one study reported a weak positive correlation 304 between mRNA abundance and stability in log phase E. coli (12), while another reported mRNA 305 abundance to be positively correlated with stability in carbon-starved Lactococcus lactis (8).
306
Taken together, these observations and our own suggest that the relationship between mRNA 307 stability and abundance is not yet fully understood and may be fundamentally different in 308 growth-arrested bacteria.
309
The rapid reversibility of hypoxia-induced mRNA stabilization suggests that mRNA decay and 310 energy metabolic status are closely linked. Consistent with this idea, we have shown that drug-311 induced energy stress causes mRNAs to be stabilized, while mRNA decay is increased by a drug 312 that induces a hyperactive metabolic state. To our knowledge this is the first demonstration that 313 the rate of bacterial mRNA degradation can be decoupled from growth rate, and suggests that 314 mRNA decay is controlled by energy status rather than growth rate per se. The mechanism by 315 which energy status and mRNA decay are coupled remains elusive; the stringent response is not were taken at different intervals after adding RIF depending on the experiment.
348
Samples were stored at -80°C and thawed on ice immediately before RNA extraction. Cells were 349 centrifuged for 5 min at 3,214 x g at 4°C, and supernatants removed completely. Working on ice, with 40 cycles of 15 s at 95°C followed by 1 min at 61°C (Applied Biosystems™ 7500 Real-369 Time PCR). Abundance was expressed as the -Ct (or the log2A(t)). Linear regression was 370 performed on -Ct values versus time where the negative reciprocal of the best-fit slope estimates 371 mRNA half-life. In many cases the decay curves were biphasic, where a rapid period of decay 372 was followed by a period of slow or undetectable decay. In these cases, only the initial, steeper 373 slope was used for calculation of half-lives. Re-aeration experiments were done using hypoxia cultures 18 hours after the sealing. Briefly, 380 each bottle was opened and the contents transferred to a 50 mL conical tube. Rifampicin was 381 added either 1 min before (transcription inhibition during hypoxia) or 2 min after opening the 382 bottles (transcription inhibition after re-aeration). Samples were taken 2, 7, 12, 17, and 32 min 383 after opening the bottles and snap-frozen in liquid nitrogen as described before. Samples were 384 collected in triplicate, steps prior to freezing were performed at 37°C, and incubation of the 
